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a  b  s  t  r  a  c  t
Winery  wastewater  poses  a serious  environmental  problem,  especially  for small  wineries  whose  yearly
wastewater  production  and/or  ﬁnancial  resources  may  not  be  sufﬁcient  to warrant  advanced  treatment
plants.  We  constructed  an  integrated  mobile  system  comprised  of  a  coago-ﬂocculation  module  using
nanocomposites  to reduce  TSS,  and two series  of  aerated  cells  to reduce  COD,  N, polyphenols,  and  P
concentrations  so  efﬂuents  could  be  discharged  into  a  municipal  wastewater  treatment  plant  or  under
special  conditions,  recycled  for  irrigation.  Each  series  consists  of  four portable  containers  (1.5  m3) ﬁlled
with volcanic  tuff of  a decreasing  progressive  particle-size  structure  and  equipped  with  a forced-air
apparatus  to keep  a minimum  soluble  oxygen  level  of 1.5 mg  L−1. The  key  feature  of the  aerated  cells  is
constant  air  transfer  through  the  substrate  which  greatly  increases  treatment  capacity.  The  entire system
was  mounted  on  two  ﬂat lorry  beds equipped  with  a  special  hook  for  easy  transportation.  We  tested  the
system  during  two  consecutive  vintage  seasons  in  2013  and  2014.  The  nanocomposite  module  reduced
the  TSS  by more  than  95%  while  the  aerated  cells  decreased  the  COD  concentration  to less  than  700  mg L−1
at  the discharge  point  (90–95%  removal  efﬁciency),  which  meets  the  stringent  requirement  for  release
to  a municipal  wastewater  treatment  plant.  TP concentrations  were  reduced  from  a mean  of  42  mg  L−1
−1in  the ﬁrst  cells  to 2.2 mg  L in  the  outlet  of the system  with  an  overall  reduction  efﬁciency  of 95%.
The maximum  COD  loading  rate  was  8.66 kg m3 d−1, a remarkably  high  rate  considering  the  minimal
operating  area.  The  aerated  cells  are  susceptible  to clogging,  but we  solved  this  problem  with  a ‘hoist-
sack  solution’  and/or  treatment  with  a H2O2 solution  that  can  be implemented  easily  without  majorly
impeding  normal  operation.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
The worldwide yield of wine in 2012 was approximately 265
hl  mostly produced in Europe and the USA (IOVW, 2012). The
inery industry generates large quantities of wastewater (1–4 m3
er m3 wine produced) that are difﬁcult to handle by municipal
astewater treatment plants (Andreottola et al., 2002, 2009; de
a Varga et al., 2013). The difﬁculty arises from high concentra-
ions of soluble organic acids, ethanol, sugars, and alcohols, mixed
ith recalcitrant high molecular weight compounds (e.g., polyphe-
ols, tannins, and lignin). The source of the organic constituents is
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product loss, residue of cleaning substances, and ﬁlter operation.
The organic nature of the winery wastewater (WW)  is commonly
quantiﬁed by high chemical oxygen demand (COD) concentra-
tions (up to 45,000 mg  L−1), elevated biological oxygen demand
(up to 20,000 mg  L−1), and variable amounts of total suspended
solids (TSS) that range from 1200 to 30,000 mg L−1 (Bustamante
et al., 2005; Mosse et al., 2011). Other constituents in the winery
wastewaters are N in proteins used to prevent haze and inor-
ganic P resulting from detergents used in cleaning operations. In
addition, WW are characterized by high levels of salinity (up to
>3 dS m−1) and sodicity (sodium adsorption ratio >9 (meq L−1)0.5)
(Bustamante et al., 2005), especially during pre-vintage and post-
vintage periods. Another difﬁculty in disposing WW to municipal
wastewater treatment plants is high variability in terms of chemi-
cal composition (vintage versus non-vintage) that is coupled with a
large variation in volume of wastewaters coming off winery ﬂoors,
nder the CC BY-NC-ND license
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ank disinfection, type of disinfectant used, and ﬁltering methods
Petruccioli et al., 2002; Shepherd et al., 2001). Winery wastewater
oses a serious environmental problem in wine-producing coun-
ries, especially if wineries dispose of untreated wastewaters into
treams or irrigation systems (Serrano et al., 2011). This practice
ay  cause pollution of surface and groundwater, soil degrada-
ion, damage to vegetation, and odor disturbances. During the last
0 years, various treatment technologies have been proposed like
hysicochemical treatments and aerobic or anaerobic biological
reatments. Physicochemical technologies such as electrodialysis,
everse osmosis, photo-fenton and various ozaonation processes
re costly, require highly trained personnel for running and mainte-
ance and are mostly suitable for very large wineries (Mosse et al.,
011). The aerobic biological systems include conventional acti-
ated sludge techniques (Fumi et al., 1995; Brucculeri et al., 2005),
equencing batch reactors (Torrijos and Moletta, 1997), activated
ludge in jet-loop bioreactors (Petruccioli et al., 2002, 2004), rotat-
ng biological contractors (RBC) (Malandra et al., 2003), sequencing
atch bioﬁlm reactors (SBR) (Andreottola et al., 2002), ﬁxed bed
ioﬁlm reactors (Andreottola et al., 2005), membrane bioreactor
MBR) systems (Artiga et al., 2007; Valderrama et al., 2012) and
ir micro-bubble reactors (Oliveria et al., 2009). Methods based on
naerobic biological processes are anaerobic ﬁlters (Yu et al., 2006),
p-ﬂow anaerobic sludge blanket (UASB) reactors (Keyser et al.,
003), anaerobic ﬁxed bed reactors (AFBR) (Ganesh et al., 2010),
nd anaerobic SBRs (Ruiz et al., 2002).
The wine industry in many Mediterranean countries is com-
rised of hundreds of small producers whose yearly wastewater
roduction and ﬁnancial resources may  not be sufﬁcient to war-
ant costly physicochemical treatments or biological treatments
uch as UASB, SBR, MBR, AFBR and RBC. Hence, constructed wet-
ands may  offer energy efﬁcient, low-cost, and low maintenance
lternatives, provided that small wineries have enough avail-
ble land for a permanent treatment wetland. Several reports
ave been published in the last decade describing various
ypes of constructed wetland designs for treatment of winery
astewaters (de la Verga et al., 2013b; Serrano et al., 2011;
ao et al., 2010; Zingelwa and Wooldridge, 2009; Vymazal,
009; Arienzo et al., 2009; Mulidzi, 2007; Grismer et al., 2003).
owever, the main shortcoming of constructed wetlands for
he small wine producer is the need to permanently allocate
eal estate for the treatment wetland. Many small wineries
ay  not own surplus land for such allocation and over time
his land apportionment can be costly, hamper normal winery
ctivity, and interfere with future winery development. Other
olutions such as ﬁltration and irrigated cropping for land treat-
ent and efﬂuent reuse (FILTER) offered a worthy approach
or WW treatment and efﬂuent reuse but this technology failed
o meet the EPA’s discharge standards for TSS and BOD and
ig. 1. Schematic diagram of the sequence of winery wastewater treatment. Two series 
eries.Monitoring & Management 4 (2015) 17–26
suffered from clogging which necessitated a signiﬁcant reduction
in the hydraulic loading rate (Christen et al., 2010).
The cost of bioreactor technologies and lack of surplus land for
passive treatment wetland have prompted us to engineer an inte-
grated mobile system comprised of a ﬁltration and settling module
to reduce TSS, using extremely efﬁcient ﬂocculants based on clay-
polymer nanocomposites, and active aerated cells to reduce organic
loadings and to minimize N and P concentrations in the efﬂuents
to levels that can safely be discharged into municipal wastewa-
ter treatment plants. The key and new features of this system are:
(1) the integration of settling nanotechnology with aerated cells
equipped with a specialized air transfer apparatus which greatly
increases treatment capacity, (2) the ease and low cost of the
unit transport between wineries during the vintage period, (3) the
option to treat other wastewaters (e.g., dairy efﬂuents) during the
non-vintage period and (4) the minimal space requirement of the
integrated system. The main objectives of the study were: (a) to
develop an integrated system of settling and aerated cell mod-
ules that could easily be mobilized among adjacent small wineries,
(b) to test the performance of various substrates and aerated cell
designs during the vintage period, and (c) to reduce the levels of
organic loads in winery wastewaters so that efﬂuents could safely
be discharged into municipal wastewater treatment plants or under
certain conditions, recycled and reused for vine irrigation or other
crops. These objectives were tested in two  consecutive vintage sea-
sons in 2013 and 2014.
2. Methods
2.1. System description
The settling module in 2013 was  based on three steps: (1)
winery efﬂuent was screened by a rotary vibrating carbon steel
screen (Xinxiang Weimeng Metallurgical Equipment Co., Xiaoji,
China) furnished with 500 and 300 micron nets to remove large
particles, (2) the efﬂuents were drained to a 0.5 m3 container
equipped with a mechanical mixer where speciﬁcally designed
clay-polymer nanocomposites (Rytwo et al., 2013) combined with
an additional bridging polymer (Rytwo, 2014) were added to form
large ﬂocs so that the TSS would quickly settle in the bottom of
the container, and (3) the efﬂuents were again passed through an
additional rotary vibrating screen equipped with 300, 200, and 100
micron nets to reduce TSS and turbidity (Fig. 1). The latter step was
replaced during the 2014 vintage season with a mechanical set-
tling tank that performed better than the rotary vibrating screen.
The TSS settling process was accomplished with suspensions of
5% NC26 nanocomposites made of a mixture of 1 g sepiolite with
2.2 g polyDADMAC, combined with commercial Z8848FS (BASF) as
a bridging agent. Nanocomposite dosing was  determined weekly
of aerated cells were used. The current lorry capacity can haul up to three parallel
ology, Monitoring & Management 4 (2015) 17–26 19
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y performing charge measurements of the efﬂuents using a Mutek
CD-T3 streaming current detector coupled with a polyelectrolyte
itrator, and evaluating the dose needed to neutralize the charge
easured (Rytwo et al., 2014). The charge as measured by a
treaming current detector was 980 mmolc L−1 ± 3%. Doses were
etermined biweekly as described in Rytwo et al. (2014). Unlike
revious work (Rytwo et al., 2013) where the sludge was re-used
s coagu–ﬂocculant, in this study, because of the large volume of
fﬂuents and the need for a fully automated system, we  did not use
dditional sequential cycles. The shelf life of the nanocomposite
uspensions is at least 1 year as tested in the current work. Suspen-
ions that were prepared in the summer of 2013 were used during
he vintage period of 2014. A year old nanocomposite slurry yielded
imilar efﬁcient clarity to a fresh suspension. However, bridging
gent formulation is stable for only two weeks.
The efﬂuents coming off the ﬁltering/settling module were
umped into the ﬁrst containers of the two aerated cells series
perating concomitantly, using a maximum ﬂow rate of 3.3 m3 d−1
n 2013 and 1.6 m3 d−1 in 2014. The entire system was controlled
y a command and control unit (Galileo open space software, ver-
ion 2.81, Galcon, Israel) which managed the pumps, the sensors
nd the ﬂoatation device to control the injection rate into the aer-
ted cells. The ﬂow between the ﬁrst container and the rest of the
ells in each series was accomplished by a siphon mechanism.
The aerated cell module had two parallel series which consist
f four portable containers each (1.5 m3). The ﬁrst container in
ach series exhibited coarse tuff with a nominal particle size of
0–50 mm and speciﬁc density of 0.9 g cm−3. The second and third
ells in each series contained medium tuff with a nominal parti-
le size of 4–20 mm and speciﬁc density of 1 g cm−3. The last cell
n each series was comprised of ﬁne tuff with a nominal particle
ize of 4–8 mm and speciﬁc density of 1.25 g cm−3. The two parallel
eries of the aerated cells work simultaneously in an intermittent
eeding mode in which efﬂuents enter the series via the coarse tuff
ontainers and leave to the local sewage system from the ﬁne tuff
ontainers. The tuff in all containers was ﬁrst inserted into a basket
ade of nylon (monoﬁlament, 50 mesh) equipped with six web-
ing nooses for easy insertion and extrication in case of clogging.
n the bottom of each nylon basket, we installed four bubble dif-
users (32 mm ID, 30 cm length, EDI Technologies, NY, USA) with
 maximum air capacity of 18 m3 h−1. We  used a lateral channel
lower (SCL K05, MS-1.5 kW,  FPZ, Italy) to force air through the
ell and to keep a minimum soluble oxygen level of 4.0 mg  L−1 to
aintain efﬁcient microorganism communities. The oxygen level
as measured periodically using an O2 probe (CyberScan DO 300,
SA). The oxygen was usually measured in the second and third
ontainers because the ﬁrst container in each series is highly aer-
ted due to very large particle-size distribution. The third container
f the second series was  planted with Scirpus holoschoenus to test
he notion that certain plants may  help in the reduction of P and
odicity levels. The macrophytes were only planted in the third
ontainer to reduce plant stress due to high COD loading in the
rst two containers. We  elected to test the Scirpus species because
n preliminary tests other common wetland macrophytes such as
hragmites australis, Eleocharis,  and the highly durable Vetiveria
izanioides showed severe signs of stress and a high mortality rate
ue to high COD loading. Similarly, Arienzo et al. (2009) showed
hat application of even 25% of WW concentrations caused all tested
acrophytes to die. The entire integrated system was  mounted on
wo ﬂat lorry beds equipped with a hook so the entire unit can be
ransported easily by a specialized hoist truck (Fig. 2). The vintage
easons of 2013 and 2014 began in mid-August and terminated in
ate October, which culminated in a total of 16 sampling campaigns.
nce a week, the efﬂuents entering the system and exiting each
ontainer were sampled for selected chemical analyses to evaluate
he system’s performance and to adjust the ﬂow rate according toFig. 2. The treatment system was designed for easy and fast transportability among
wineries.
the desired quality assurance and quality control if necessary. Dur-
ing the ﬁrst season the inﬂuent rate ﬂow commenced at 4.5 m3 d−1,
and after a week of acclimatization the ﬂow rate was increased to
6 m3 d−1 and run in this capacity for ﬁve weeks. By mid-October,
the ﬂow rate was further increased to 8 m3 d−1 and after a week
of operation was  increased again to a peak ﬂow of 10 m3 d−1. The
inﬂuent rate ﬂow in the second season commenced with 1.5 m3
d−1 and was  gradually raised as the season progressed to a max-
imum rate ﬂow of 5 m3 d−1. At maximum rate ﬂow the hydraulic
retention time (HRT) was 1.61 d.
2.2. Laboratory analyses
The COD was  determined using a Merck Spectroquant TR
320/420 apparatus. The levels of total dissolved organic car-
bon (DOC), total inorganic carbon (TIC), and total nitrogen (TN)
were measured by DOC/TN multi N/C analyzer 2100S-AG (Jena,
Germany), while total soluble solids (TSS), chloride, pH, and electri-
cal conductivity were determined using standard methods (APHA,
2001). The concentrations of soluble and total P, NO3 + NO2, NH4,
total polyphenols, Ca, and Mg  were determined using a SKALAR
S++ automated wet  chemistry continuous ﬂow analyzer. The con-
centrations of Na and K were determined by a Sherwood ﬂame
photometer Model 420 connected to the SKALAR automated sam-
pler. We  used the alkaline elemental data to compute sodium
adsorption ratio (SAR). Saturated hydraulic conductivity of the tuff
substrates was determined by the constant head method using
an automated measuring system Ksat-s/n (UMS GmbH, Munich
Germany). Speciﬁc surface area (SSA) of the various tuff substrates
was determined using the ethylene glycol monoethyl ether (EGME)
method recommended by Silber et al. (1994).
2.3. Statistical analysis
Experimental results were statistically evaluated using
SPSS version 19. Data normality was checked with a
Kolmogorov–Smirnoff test. Comparisons of differences between
the different cells for all water quality parameters were con-
ducted using non-parametric tests. Differences were considered
signiﬁcant when p < 0.05.
3. Results and discussion
3.1. General substrate characteristicsThe general characteristics of the tuff substrates in the aer-
ated cells are summarized in Table 1. The appraisal of hydraulic
conductivity is highly sensitive to the particle size distribution
20 M.I. Litaor et al. / Environmental Nanotechnology, Monitoring & Management 4 (2015) 17–26
Table  1
General characteristics of the substrates in the aerated cells. The number of ﬁeld replications always exceeded 12 but some analyses were performed over 100 times (e.g., K).
Cell Ka (m/d) SSA-EGME m2/g Pore volume CEC cmolc/kg pH
Mean ± standard deviation
Coarse tuff 682 ± 39 169 ± 27 0.51 ± 0.01 7.34 ± 2.6 9.15 ± 0.04
Medium tuff 500 ± 19 155 ± 22 0.49 ± 0.01 5.64 ± 1.2 7.91 ± 0.33
Fine  tuff 395 ± 13 118 ± 10 0.47 ± 0.01 11.3 ± 1.9 8.04 ± 0.07
ylene glycol monoethyl ether, CEC = cation exchange capacity.
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Table 3
Threshold standards in mg  L−1 of selected chemical constituents of WW that Israeli
winery operators should adhere to before the WW can be discharged into municipal
wastewater treatment plants.
bTotal Kjeldahl nitrogen.
Chemical constituents Concentration
above the
threshold value
Concentration
below the
threshold valuea
TSS 400 1000
COD 800 2000
TKNb 50 100
TP 15 30
Na 230
Polyphenols 100
aNew regulations from 2014 allow WW discharge into municipal wastewater treat-
ment plants if a chemical concentration has exceeded a speciﬁed threshold along
T
Ga K = hydraulic conductivity, SSA-EGME = speciﬁc surface area measured with eth
f the substrate resulting from the squared relationships in the
ozeny–Carmen equation for ﬂow in porous media (Kadlec and
night, 2010). Hence, the saturated hydraulic conductivity of the
uff varied between 682 m d−1 in the coarse tuff, 500 m d−1 in the
edium tuff, and 395 m d−1 in the ﬁne tuff. A somewhat lower sat-
rated K value of 105 m d−1 was reported for ﬁne red tuff (0–8 mm)
ollected at a nearby quarry by da Silva et al. (1993), but such
ifferences are to be expected due to differences in methods and
atural heterogeneity. Support for this interpretation can be pro-
ided by the fact that tuff porosity, an easy parameter to measure,
s reported by de Silva, was 0.587 cm3 cm−3, an almost identical
alue to the one reported in the current study (Table 1). The large
ariability in K values in subsurface-ﬂow treatment wetlands was
emonstrated in the review paper by Nivala et al. (2012). They
ummarized many reported values obtained by survey techniques,
hich varied between several dozen to impossibly large values of
2,000 m d−1. These were probably due to violations of Darcy’s
quation at the non-laminar ﬂow end. Other methods, such as
 submersible permeameter with Mariotte siphon, measured an
nrealistically large value of 79,000 m d−1 (Knowles and Davies,
009) that did not agree with the range of values reported in the
lassical hydrogeological literature (e.g., Freeze and Cherry, 1979).
aselles-Osorio et al. (2007) used a falling-head test method for
and substrates in a subsurface constructed wetland and found a
alue of 200 m d−1 that is more in line with the values found in
he current study (Table 1). This large variability in hydraulic con-
uctivity determination should be taken into account when one
ttempts to compare hydraulic retention time and/or loading rates
y different treatment systems.
The speciﬁc surface area of the tuff exhibited values between
18 and 169 m2 g−1 compared with 38–454 m2 g−1 reported by ear-
ier work on similar tuff material (Silber et al., 1994). The range of
ation exchange capacity (CEC) in the current work was quite low
5.6–11.3 cmolc kg−1) which agreed rather well with values of black
uff (non-weathered) collected from a nearby quarry (Silber et al.,
994). The pH of the tuff was relatively alkaline (Table 1), prob-
bly due to Ca releasing minerals such as diopside (CaMgSi2O6)
Silber et al., 1994) which upon interaction with water consume
xchangeable H+ (Lindsay, 1979), thus maintaining relatively alka-
ine substrate environs.
able 2
eneral characteristics of the winery wastewaters (WW)  and post ﬂocculation and settlin
Parameter COD Polyphenols DOC 
#  Of analyses 16 12 12 
WW  mg  L−1
Mean 11,500 49 2630 
Stand Dev. 4300 70 736 
Min.  4780 33 2280 
Maximum 22,500 370 3730 
Post  ﬂocculation
Mean 9050 48 2230 
Stand Dev. 2180 58 1140 
Min.  4880 13 291 
Maximum 15,390 308 4000 
a TSS is reported only for the 2014 season because no TSS was  measured in the WW duwith a ﬁtted ﬁne.
bTotal Kjeldahl nitrogen.
3.2. Winery wastewater characteristics
The TSS concentrations in the WW were highly variable and
occasionally reached extremely high values (Table 2). The com-
bined utilization of coarse ﬁltration, nancomposites and settling
tank reduced the TSS by more than 95% which easily met  the
Israeli standards for release into municipal wastewater treatment
plants (Table 3). In fact, the nanocomposites were even successful in
reducing the COD concentrations (Table 2). Previous studies have
shown that nanocomposites based on clay minerals and charged
polymers are effective in the removal of suspended solids and
turbidity by neutralizing the colloidal charges and forming large
aggregates with a denser mineral particle that accelerates separa-
tion processes (Rytwo, 2012a,b). In the current study, an extremely
fast TSS removal rate was  observed (seconds to minutes), with
efﬂuents being treated in a single tank. Conventional treatments
based on coagulation followed by ﬂocculation require two  separate
tanks, take 0.5–6 h, and the entire process is highly sensitive to pH.
In this study, larger ﬂocs and faster sedimentation were obtained
by combining cationic nanocomposites based on sepiolite and
polyDADMAC which neutralized about 70% of the charge, with a
commercial cationic low charge polyquaternium ﬂocculant (Rytwo,
g (PFS), measured during the two vintage seasons on a weekly basis.
Total N Total P TSSa EC pH
12 12 12 16 16
dS m−1
6.0 18 6360 4.8 5.9
3.1 15 8390 0.9 0.5
2.2 2 970 3.5 5.1
16.1 50 28,620 6.3 6.5
6.5 17 260 4.8 6.4
2.0 13 143 0.8 1.0
2.7 2.5 16 3.6 5.2
16.0 39 516 6.2 7.9
ring the 2013 season.
ology, Monitoring & Management 4 (2015) 17–26 21
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Fig. 3. The concentrations of COD along two series of aerated cells, starting with
coarse tuff in A1 & A2 followed by medium tuff in Bs and Cs cells and ﬁne tuff in the
Ds  cells. The box represents the inter-quartile range that contains 50% of the values.M.I. Litaor et al. / Environmental Nanotechn
014) as bridging agent. The addition of the polyquaternium ﬂoc-
ulant stabilized the large ﬂocs, avoiding their disintegration when
ltered. This yields a denser sludge and can operate across a large
H range (3–10).
The reduction of TSS in the inﬂuents is extremely important
ecause of the tendency of granular systems to become clogged
Knowles et al., 2011). For example, Grismer et al. (2003) found
hat a full-scale horizontal ﬂow treatment wetland was  overloaded
ue to failure of the pretreatment system to remove suspended
olids, especially in the crush period during which inﬂow to the
etland contained an average of 1428 mg  L−1 TSS. de la Varga et al.
2013a) stressed this issue by pointing out that pre-treatment of
W using an anaerobic digester prevented clogging in the horizon-
al constructed wetland (CW) without any change in the hydraulic
onductivity of its substrate in spite of the high surface loading rate
30.4 g COD m2 d−1).
The main feature of the WW is the large variability of chemi-
al constituent concentrations during the vintage period (Table 2).
hese variations make an effective treatment rather difﬁcult
ecause of lack of consistency during the treatment period (de la
arga et al., 2013b). For example, during the 2013 vintage sea-
on, the COD concentrations varied from 4780 mg  L−1 in the ﬁrst
eek to a peak of 12,700 mg  L−1 in the fourth week while decreas-
ng back to 8100 mg  L−1 in the sixth week and climbing again to
7,000 mg  L−1 in the seventh week. Similar variations were also
ound in 2014, when COD concentrations varied from 6175 mg  L−1
n the ﬁrst week to a peak of 20,545 mg  L−1 in the fourth week and
ecreasing to 11,840 mg  L−1 in the eighth and ﬁnal week. This type
f variation may  affect the bacteria community structure and func-
ion, especially since the nitrogen variations do not follow the same
attern; thus, the efﬁciency of organic carbon decomposition could
e severely affected by limiting nutrients. The concentrations of
he COD in the WW were signiﬁcantly above the Israeli threshold
or direct discharge into MWWP  (Table 3), so efﬂuent treatment
s required. The concentrations of TN in the WW varied between
.2 mg  L−1 and 16.1 mg  L−1 while the NO3 and NH4 did not exceed
.5 mg  L−1 (not shown), which suggests that most of the nitrogen
n the WW is in organic form.
The pH of the wastewater was signiﬁcantly more acidic
5.6 ± 0.5) than the pH of the tuff substrate, which was mildly alka-
ine (Table 1). The relatively high EC values of the WW were mostly
ffected by the Na, K, and Ca (mean concentrations of 852, 275,
35 mg  L−1, respectively) and to a lesser extent by Cl and Mg  (mean
oncentrations of 56 and 22 mg  L−1, respectively). The high values
f monovalent cations such as Na+ in the WW represent a serious
hallenge to the system because they are well above the Israeli
hreshold value for direct discharge into municipal wastewater
reatment plants (Table 3, see Supplemental note). This is an imped-
ment to recycling and reuse due to the extremely high sodium
dsorption ratio (SAR > 15) that may  affect the soil structure.
.3. System performance – COD analysis
The most important characteristics of the system performance
re inﬂuent and efﬂuent concentrations of COD, organic loading
ates, hydraulic retention time, and removal efﬁciency. The con-
entrations of the COD along the sequence of aerated cells during
he two vintage seasons are depicted in Fig. 3. The level of COD
ecreased from a median of 5000 mg  L−1 in the coarse tuff cells
o 1200 mg  L−1 in the second medium tuff cell to a ﬁnal median
oncentration of 590 mg  L−1 in the outlet of the system. There
as no signiﬁcant difference between the third and fourth cells,
ut occasionally COD concentrations in the third cells exceeded
000 mg  L−1, which is the threshold value allowed to be released
nto municipal wastewater treatment plants in Israel (Table 3). This
nding supports our initial notion that the system should be builtThe whiskers are lines that extend from the box to the highest and lowest values,
excluding outliers. A line across the box indicates the median.
with a certain level of redundancy, which may increase hydraulic
retention time but ensure better ﬁnal efﬂuent characteristics.
In the 2013 vintage season the hydraulic loading rates per cell
were 0.375 m d−1 in the ﬁrst week of operation, but gradually
increased over the next ﬁve weeks to 0.5 m d−1 at which point
system stabilization was achieved, and then further increased to
0.83 m d−1 during the last week of the experiment. In the 2014
vintage season the hydraulic rates were adjusted to the waste pro-
duction by the winery, commencing at 0.125 m d−1 up to 0.5 m
d−1 by the end of the season. The highest COD removal efﬁciencies
occurred in the ﬁrst two  cells labeled as A and B in Fig. 3 (63–17%)
while removal efﬁciencies in the last two  cells (labeled C and D)
were signiﬁcantly lower (9–4%).
Removal efﬁciency of the entire system varied from 90% to 95%
with extremely high similarity between the two  series. Maximum
loading for the entire system in the vintage season 2013 was 8.66 kg
COD m3 d−1, which is a remarkably high value compared with
other methods, especially since the operating area requirements
for this system are considerably smaller than other reported treat-
ment wetlands (e.g., Shepherd et al., 2001; Grismer et al., 2003;
Mulidzi, 2007; Serrano et al., 2011,b; de la Varga et al., 2013a,b)
and much simpler to operate than the various bioreactors cited in
Table 4. Regarding the question of required operating area, Grismer
et al. (2001) calculated that 10 ha is necessary, assuming an average
of 5000 mg  L−1 COD and 100 days of harvest. Most small and even
some medium sized vineyards will be reluctant to convert produc-
ing areas into non-producing areas in order to house treatment
wetlands on such a large swath of land.
The key feature in the present system is constant oxygen transfer
through the tuff substrate which has greatly increased treatment
capacity. Serrano et al. (2011) showed that surface removal efﬁ-
ciencies by vertical ﬂow CW were better than horizontal ﬂow CW
because the vertical ﬂow system is better aerated, which increases
the biodegradability of various compounds in the WW.  Tao et al.
(2010) demonstrated that artiﬁcial aeration of vertical ﬂow CW
enhanced organic matter decomposition, increased removal efﬁ-
ciency of NH4-N and maintained relatively high treatment capacity
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Table  4
COD loading rates, concentrations & removal efﬁciency in winery wastewaters using selected methodologies.
Method Average COD
concentrations
mg  L−1
Maximum COD loading
Rates
kg COD m−3
d−1 % COD removal efﬁciency References
Sequencing batch bioﬁlm reactor (SBBR) 2170 8.8 86–99 Andreottola et al. (2002)
Fixed bed bioﬁlm reactor (FBBR) 7130 4 >90 Andreottola et al. (2005)
Membrane biological reactor (MBR) <4000 1–2 >97 Artiga et al. (2007)
Jet-loop activated sludge reactor (JLR) ∼6000 5.9 >90 Petruccioli et al. (2002)
Sequencing batch reactor (SBR) ∼5000 0.8 93 Torrijos and Moletta (1997)
Conventional activated sludge (CAS) 13,448 ND 95 Valderrama et al. (2012)
Full scale MBR 4728 4.95 95 Bolzonella et al. (2010)
Upﬂow anaerobic sludge blanket (UASB) 12,000 15 95 Moletta (2005)
90–99 Oliveira et al. (2009)
90–95 This work
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ven during cold spells. Oliveira et al. (2009) used an air micro-
ubble bioreactor in continuous mode to treat COD load up to
.0 kg m−3 d−1 which required a 15 day hydraulic retention time to
chieve 93% removal efﬁciency. The current system exhibited sig-
iﬁcantly shorter HRT of 2.0–1.61 d during the peak vintage season
f 2014 to achieve similar removal efﬁciency.
The relatively small daily temperature ﬂuctuations had only a
mall effect on electrolyte concentrations, but the overall cooling
rend, which started in mid-September 2013, had a strong effect
n the EC pattern (Fig. 4). In general, EC decreased during warming
eriods and increased during cooling periods. As the temperature
eclined, biological activity slowed down, affecting COD consump-
ion, and consequently, the EC level increased. Although the system
s equipped with heating elements, they were not activated in 2013
ecause of cost beneﬁt considerations. During the 2014 vintage
eason we activated the heating elements in the reserved series
nd elevated the temperature to above 30 ◦C under the working
ypothesis that a higher temperature would increase COD removal
fﬁciency (Fig. 5).
The mean temperature difference between the heated series
nd the unheated series was approximately 5 degrees. The COD
oncentrations in the reserved series increased signiﬁcantly and it
ecame evident that the temperature rise inside the aerated cells
f the reserved series exhibited a negative effect on the system’s
ig. 4. Daily ﬂuctuations of temperature and electrical conductivity (EC) readings
easured throughout the 2013 vintage season. The data were collected every 10 min
hroughout the treatment period. The temperature is depicted by the grey line
hereas the EC is shown in black.Fig. 5. Daily ﬂuctuations of temperature of heated and unheated aerated cells mea-
sured throughout the 2014 vintage season. The data were collected every 10 min
throughout the treatment period.
performance (Fig. 6). After ﬁve weeks of heating we  shut off the
heating elements and the temperature began to drop (Fig. 5) while
the COD removal efﬁciency increased (Fig. 6). The disparate distri-
bution patterns of the temperature and COD concentrations suggest
that heating the aerated cell system above the ambient temperature
probably prevented the settling of microorganism communities on
the tuff substrates so that the amount of COD that was  consumed
at the inﬂuent point was concurrently released at the efﬂuent point
in the form of ﬂoating microbial communities with no gain or loss
of the overall COD within the system.
We  opted to determine dissolved organic carbon (DOC) concen-
trations in the efﬂuent instead of the more traditional BOD5 analysis
because the latter has serious analytical limitations, including the
long duration of the ﬁve-day period which may  not correspond to
the point of the original soluble organic matter, and the lack of
stoichiometric validity after the initial soluble organic matter has
been used (Metcalf and Eddy Inc., 2004). Total organic carbon con-
centrations decreased signiﬁcantly between the ﬁrst and second
cells (K–S = 1.37, p < 0.05), while the differences between the other
cells in terms of DOC concentrations were insigniﬁcant. The ratio
between DOC and COD increased from 0.2 in the ﬁrst cells to 0.3,
0.5 and 0.7 in the second, third and fourth cells, respectively. This
ratio pattern is explained by the nature of organic constituents in
WW,  which consist of highly soluble sugars, alcohols, acids, and
recalcitrant high molecular weight compounds such as polyphe-
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ols, tannins, and lignins. These recalcitrant compounds are not
asily removed by physical or chemical treatment (Andreottola
t al., 2009). Biodegradable compounds such as sugars and alco-
ols tend to degrade ﬁrst, leaving behind less easily degraded
ompounds (Arienzo et al., 2009; Andreottola et al., 2009). The rela-
ively ﬂat trend of polyphenol concentrations measured across the
equence of aerated cells (mean of 42 mg  L−1, 36 mg  L−1, 28 mg  L−1
nd 32 mg  L−1 in the ﬁrst, second, third, and fourth cells, respec-
ively) supports this interpretation.
A decrease in DOC concentrations across the sequence of aer-
ted cells was  accompanied by an increase in the concentrations
f dissolved inorganic carbon (DIC) from a mean of 106 mg  L−1 in
he ﬁrst two cells to over 400 mg−1 in the third and fourth cells.
his increase is explained by the release of CO2 during oxidation of
rganic matter. Eckenfelder (1967) showed that during the treat-
ent of industrial wastewater, about 0.9 kg of CO2 is produced for
very one kg of COD removed. Undoubtedly, the efﬂuents passing
hrough this aerated system are supersaturated in respect to CO2
ecause of the large change in COD concentrations in the inﬂow
ersus the COD in the efﬂuent. However, the rate of CO2 absorption
s about 1.5 times the rate of CO2 desorption in very mixed solu-
ions, resulting in increased alkalinity (Lijklema, 1969). An increase
n DIC concentrations resulted in an increase of pH from a weakly
lkaline region (pH 6.8) in the ﬁrst cell, where the intensity of
he system is provided by the pH of the tuff (see Table 1), to a
ildly alkaline region (pH 8.2) in the outlet of the system. On sev-
ral occasions, the outlet pH readings hovered around 9.0 because
he system is largely controlled by carbonate equilibria processes.
lternatively, the pattern of diminishing COD reduction rate in the
ast aerated cells as noted earlier could be a function of the increase
n pH because at a pH of nine and above, there is a decrease in COD
eduction by at least 10–15% as suggested by Lijklema (1969).
.4. Total N and P analysis
The WW in this study exhibited relatively low TN concentrations
<16 mg  L−1), compared to domestic sewage (>50 mg  L−1) or other
ublished WW treatment reports (e.g., Valderrama et al., 2012,
easured TN concentrations of 34 mg  L−1). The overall decrease
n TN concentrations across the sequence of aerated cells was
radual with high variability during the vintage periods; hence,
he statistical difference between the ﬁrst cells, with a mean and
D of 12.3 ± 11.1 mg  L−1, to the last cells, with a mean and SD of
.4 ± 2.2 mg  L−1, was barely signiﬁcant (K–S = 1.3, p < 0.06) and no
tatistical differences were found between the other cells. The level
f nitrate and ammonia in the WW were less than 0.05 mg  L−1 dur-
ng both vintage seasons while in most samples that passed through
he system, we encountered concentrations below our detection
imit. Since the system is highly aerated, the rate of de-nitriﬁcation
s insigniﬁcant; hence, the difference between TN concentrations
nd other nitrogen species is explained by microbial assimilation
s described by Vymazal (2007).
Excess phosphorus is commonly identiﬁed as the nutrient
ausing eutrophication of water bodies; thus, removal of P from
gricultural wastewater is extremely important if the ﬁnal goal
f treatment is reuse or release of the wastewater back into the
nvironment. Total P (TP) concentrations in WW varied between
.4 mg  L−1 and 50 mg  L−1 with a mean of 20.9 mg  L−1. These val-
es are in accordance with reported TP concentrations in European
W (e.g., Bolzonella et al., 2010). TP concentrations across the
equence of aerated cells during both vintage seasons were dra-
atically reduced from a mean of 42 mg  L−1 in the ﬁrst cells to
.2 mg  L−1 in the outlet of the system (K–S = 2.0, p < 0.001), with
n overall reduction rate of 95%. The level of P at the outlet of the
ystem has met  Israeli standards for release into the environment,
euse in agricultural ﬁelds and discharge into municipal wastewa-Fig. 6. The concentration distribution of COD in the heated series during the 2014
vintage season. The data were collected at the efﬂuent of the A3, B3, C3 and D3 cells.
ter treatment plants (Table 3). Phosphorus removal in a system such
as aerated cells is accomplished by sorption, microbial uptake or
solid phase precipitation. A sequential extraction experiment con-
ducted on olive mill wastewater using the same system prior to the
WW treatment presented here showed that all three mechanisms
are in play (Meir-Dinar, 2015). This work showed that in the ﬁrst cell
P sorption (97%) was  the main mechanism, microbial assimilation
was the dominant process in the second container (>50%) while
Ca–P precipitation was  the principal process (>90%) in the third
and fourth containers. However, as pointed out by Vymazal (2007),
sorption and/or biological assimilation has a ﬁnite capacity; there-
fore, these processes cannot contribute to long-term sustainable
removal unless harvesting practices of the P are implemented.
We have envisaged that one of the more cost-effective practices
of sustainable P removal would be concurrent implementation of
aerated cells and wetland plants that can be harvested periodically
to increase the overall P capacity of the system. This concept is
based on the assumption that plants can assimilate large organic
loadings, mainly due to the activity of bacteria that live on root
surfaces, which cleanse the wastewater by breaking down organ-
ics and removing colloidal solids (Arienzo et al., 2009). The original
design of the system included V. zizanioides, a plant known to
alleviate erosion and improve soil structures in degraded land. V.
zizanioides is tolerant of high soil salinity, sodicity, and high heavy-
metal concentrations over a wide pH range (Greenﬁeld, 2002).
In preliminary experiments, Vetiveria exhibited limited survival
because the WW was loaded with recalcitrant organic constituents,
and the plants failed to develop their typical extensive root sys-
tem. Wetland plant mortality was  also reported by Shepherd et al.
(2001) who  tested cattails, bulrushes and arrowhead species to
treat WW and found a high death rate when the applied COD
exceeded 5000 mg  L−1. In the current experiment, the Vetiveria was
replaced by well-developed S. holoschoenus which have exhibited
a good capacity for P uptake from farming leachates. The plants
were bedded in the third cells where COD concentrations would
not exceed the reported threshold value. A comparison analysis
between planted versus non-planted cells during the 2013 vintage
season showed mixed results (Table 5). A close inspection of the
data showed an apparent trend in the distribution of COD, DOC and
IC, where the mean of COD and DOC were much lower in the planted
cells while the IC was signiﬁcantly higher (K–S = 1.2, p < 0.06) in
the planted cells, most likely due to organic matter decomposition.
This apparent difference was  translated into higher COD removal
efﬁciency in the planted container (82%) versus the non-planted
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Table  5
Comparative analysis between planted versus non-planted aerated cells measured
weekly throughout the 2013 vintage period (8 weeks). All concentration units are
in  mg  L−1, EC is given in dS m−1, and removal efﬁciency is in percent.
Parameter Planted Non-planted
COD 1320 ± 1300 2660 ± 2500
COD removal efﬁciency 82 54
Polyphenols 29 ± 30 27 ± 29
EC 4.3 ± 0.8 4.6 ± 0.9
DOC 1020 ± 650 1520 ± 830
IC 450 ± 300 210 ± 155
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Total P 3.0 ± 2.7 2.6 ± 2.9
ontainer (54%) (K–S = 2.3, p < 0.01). No reduction in TN or TP con-
entrations was observed in the planted containers. The overall
ppearance of the Scirpus plants were healthy, unlike the previously
ested Vetiveria, indicating that it is capable of enduring and resist-
ng the WW conditions without showing signs of chemical stress.
owever, at the third cell, the P concentrations were already so
ow that plants did not affect the overall P capacity of the system.
uture development of the system should address the plausibil-
ty of adding appropriate wetland macrophytes across the entire
equence of aerated cells to increase the P removal capacity of the
ystem.
.5. Salinity and sodicity analysis
A secondary objective of the mobile aerated cell system was
o produce efﬂuents that could be used for irrigation in vineyards
here scarcity of fresh water is a constant challenge. This objec-
ive is especially important for semi-arid countries, since continued
ates of water extraction for agriculture, declining rainfall trends,
nd increased portioning of water for ecosystem servicing have led
o unsustainable levels of water consumption. Although the vol-
me of WW is considerably less than domestic wastewater, it is
till considered a viable source for grape growers (Laurenson et al.,
012). However, irrigation with treated WW may  pose a serious
azard to soil salinity and more speciﬁcally to soil sodicity, which
ffects soil aggregate stability and vine performance. The SAR value
f efﬂuents across the aerated cells was 15 in the ﬁrst cell with only
 slight reduction at the outlet of the system (SAR varied from 13 to
1). These values are extremely high and such efﬂuents cannot be
eused without signiﬁcant dilution with fresh water or other efﬂu-
nts (Oliveira et al., 2009). Moreover, recent studies (e.g., Mosse
t al., 2011, 2013) have shown that treated WW retained consider-
ble quantities of phenolic compounds, which is of environmental
oncern due to their potential phytotoxicity. However, in countries
uch as Israel where recycling of wastewater for agricultural pur-
oses is a must, we recommend future testing of planting wetland
pecies that are tolerant to high COD values while concomitantly
xhibit the ability to absorb sodium. For example, Myburgh and
owell (2014) reported that halophytic fodder beet (Beta vulgaris
.) absorbed 38% of the Na applied in a pot irrigation experiment.
uch a combination of dilution and sodium reduction may  yield
reated WW efﬂuents that are more suitable for irrigation.
.6. Clogging
One of the most prominent problems with aerated cells or con-
tructed wetlands is the frequency of clogging which can hamper
he system’s performance. The nature, distribution and rate of clog-
ing occurrence depends on wastewater loading rate and chemical
haracteristics, the physical properties of the porous media, aer-
tion attributes, inlet arrangement, feeding mode and system
imensions (Knowles et al., 2011). In the 2013 vintage season, weMonitoring & Management 4 (2015) 17–26
experienced severe clogging after four weeks of operation, mostly
in the ﬁrst and second cells. The severity of the clogging in our
system was  evaluated quantitatively by measuring the hydraulic
conductivity before and after the vintage period. Signiﬁcant reduc-
tions in hydraulic conductivity by approximately 62–52% in the ﬁrst
and second cells, respectively, were recorded (Meir-Dinar, 2015).
To remove clogging, we  lifted the nylon sacks of the ﬁrst contain-
ers with a backhoe loader and washed away the thick slime layer
from around the sack, which was the source of impeded ﬂow and
reduced gravitational inﬁltration and drainage to the next con-
tainer. The sacks were then lowered back into the cells and normal
operation resumed. At the end of the season, the sacks were lifted
again and the tuff material was  replaced. The used tuff was  washed,
dried completely, and is ready for reuse. For relatively small treat-
ment units ‘the hoisting sack solution’ is fast and cost-effective but
required two sets of baskets. Hence, during the 2014 vintage sea-
son we examined the utilization of a H2O2 solution to open up the
clogging that developed after the ﬁfth week. The amount of solu-
tions applied was determined by following the assumption that
0.4 L of 30% H2O2 is required for a complete oxygenation of 1 kg
COD. The mild treatment did not interfere with normal operation
of the aerated cells and no signiﬁcant decrease in loading rate was
reported.
3.7. Cost estimate
A detailed cost analysis of the WW treatment is beyond the
scope of this work. However, as stated by Devesa-Rey et al. (2011),
the cost of unauthorized winery waste disposal has increased dra-
matically in recent years and if penalties are imposed on the
polluter of waterways, the cost may  reach as high as 30,000–40,000
euro in Europe. In the summer of 2014, the system treated about
700 m3 of winery wastewaters. Based on the assumption that
a small operation such as the Dalton winery, generating about
1000 m3 of WW during the vintage season and taking into account
the price of nanocomposites, electricity, labor, wear and tear, cap-
ital recovery, and overhead fees, the overall cost was estimated at
around 32 NIS per m3 of WW which, at today’s exchange rate, is
equivalent to 6.4 euro per m3.
4. Concluding remarks
We  engineered a mobile integrated system of a TSS settling
module and aerated cells that were easily mobilized to and from
a small vineyard before and after the vintage period. We tested the
performance of readily available and cost-effective tuff material in
progressive particle-size distributions as substrates of the aerated
cells. Our initial goal was  to reduce the levels of organic constituents
in the WW so that the efﬂuents could be discharged into municipal
wastewater treatment plants. The concentrations of COD decreased
signiﬁcantly across the sequential aerated cells reaching removal
efﬁciency of 90–95%. The maximum loading was 8.66 kg COD m3
d−1, which is a remarkably high value compared with other more
elaborate and expensive bioreactor technologies, and was  far supe-
rior to various reported wetland experiments that required a much
larger operating area. Aerated cells bedded with wetland macro-
phytes exhibited an improved COD removal efﬁciency but did not
improve N and P treatment rate. The results of the experiment did
not support our secondary goal to provide efﬂuents that could be
reused to irrigate vines because the WW continued to have a high
SAR. Coupling the aerated cells with selected halophytes may alle-
viate this problem. The aerated cells are susceptible to clogging,
but we  successfully solved this difﬁcult issue with a ‘hoist-sack
solution’ or a H2O2 solution that can be implemented easily with-
out major impediment to normal operation. The key feature of
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he system is the coupling of nanocomposites with aerated cells
quipped with constant air transfer through the substrate which
reatly increased treatment capacity.
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